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Abstract 
 
It is well known since 2010 that fullerene C60 is widespread through the interstellar 
space. Also, it is well known that graphene is a source material for synthesizing 
fullerene. Here, we simply assume the occurrence of graphene in space. Infrared spectra 
of graphene molecules are calculated to compare both to astronomical observational 
spectra and to laboratory experimental one. Model molecules for DFT calculation are 
selected by one simple astronomical assumption, that is, single void creation on charge 
neutral graphene of C13, C24 and C54, resulting C12, C23 and C53. They have a carbon 
pentagon ring within a hexagon network. Different void positions should be classified as 
different species. In every species, single void has 3 radical carbons holding 6 spins. 
These spins select stable state by recombination of carbon atoms to reduce molecular 
energy, and to give infrared spectrum due to molecular vibration. It was found that 
stable spin state was the triplet, not singlet. Most of species show prominent infrared 
spectral features closely resembling the astronomically observed infrared emission seen 
in the carbon rich planetary nebulae of Tc1 and Lin49. We could assign major bands at 
18.9 micrometer, and sub-bands at 6.6, 7.0, 7.6, 8.1, 8.5, 9.0 and 17.4 micrometer. It is 
interesting that those graphene species were also assigned in the laboratory 
experiments on laser-induced carbon plasmas, which are analogies of carbon cluster 
creation in space. The conclusion is that graphene molecules could potentially 
contribute to the infrared emission bands of carbon-rich planetary nebulae. 
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1. Introduction 
 
Fullerene C60 was discovered by Kroto et al. (1985, the1996 Nobel Prize) in the sooty 
residues of vaporized carbon. They already suggested that “fullerene may be widely 
distributed in the Universe”. The presence of C60 in a wide variety of astrophysical 
environments was revealed by the detection of a set of emission bands at 7.0, 8.45, 17.3 
and 18.9μm (Cami et al. 2010, Sellgren et al. 2010, Zhang & Kwok 2011, Bern´e et al. 
2017,Garc´ıa-Hern´andez et al. 2010). Typical astronomical objects are the Galactic 
planetary nebula (PNe) Tc1 (Cami et al. 2010) and the Small Magellanic Cloud (SMC) 
PNe Lin49 (Otsuka et al. 2016), whose infrared spectra (IR) were obtained with the 
Infrared Spectrograph (IRS) on board the Spitzer Space Telescope. 
Experimentally-measured and theoretically-computed vibrational spectra of C60 
(Martin 1993, Fabian 1996, Cami et al. 2010, Candian et al. 2019) coincide with 
observations on Tc1 and Lin49, especially with the bands at 18.9μm and 17.4μm. 
However, there remain some undetermined observed bands. This motivates us to study 
the occurrence of other carbon species. 
 It is well known that graphene is a raw material for synthesizing fullerene as 
proposed by Kroto & McKay (1988). Chuvilin et al. (2010) showed experimentally that 
C60 could be formed from a two-dimensional graphene sheet. By observation of Lin49, 
Otsuka et al. (2016) suggested the presence of small graphite and graphene sheets, or 
fullerene precursors. Graphene was first experimentally synthesized by A.K. Geim and 
K.S. Novoselov (2007, the 2010 Nobel Prize). The possible presence of graphene in space 
was reported by Garc´ıa-Hern´andez et al. (2011a, 2011b, 2012) seen in several PNe. 
These infrared features appear to be coincident with the transitions of planar C24 
having seven carbon hexagons. However, full observed bands cannot be explained by C24 
or hexagon network molecules. Duboscq et al (2019) tried many C24 related molecules to 
study graphene group infrared spectra. Some hints come from studies on polycyclic 
aromatic hydrocarbon (PAH). In 2014, Ota (2014) suggested void induced PAH show 
calculated infrared bands closely resembling with astronomically observed unidentified 
infrared bands in a wide range of 3 to 20μm. He explained the origin by carbon SP3 
defect among SP2 network caused by single void in carbon hexagon network. Also, 
Galue & Leines (2017) predicted physical model supposing π-electron irregularity  
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among regular π-network. In this paper, we apply only one astronomical assumption, 
that is, single carbon void creation on graphene molecule. At the first part, density 
functional theory (DFT) based calculation was applied to model molecules. Calculation 
process is, (1) to start from charge neutral molecules of small size C13, medium C24 and 
large C54, (2) to create single carbon void resulting C12, C23 and C53, (3) to distinguish 
void positions for every molecule, (4) to calculate spin-dependent molecular 
configuration for singlet spin state of Sz=0/2 and triplet Sz=2/2. Thus, we will obtain 
infrared spectra for all neutral and spin-state dependent molecules. At the second part, 
we will compare such calculated spectra with astronomically observed bands of Tc1 PNe 
and Lin49 PNe. At the third part, we like to compare with laboratory experimented 
laser induced carbon plasma spectrum previously published by Nemes et al (2017). We 
will conclude that void induced graphene can contribute to the infrared bands of carbon 
rich planetary nebula. 
 
 
2. Model Molecules 
 
Model molecules are illustrated in Figure 1. Our selection starts from the coronene 
kernel-C24 (seven carbon hexagon rings) possibly detected by Garc´ıa-Hern´andez et al. 
(2011a) in planetary nebulae. To find size dependence, we add a smaller one C13 and a 
larger one C54.  We assume hostile astrophysical environments. Cosmic rays, as like 
high speed protons H+ and electrons, will attack such graphene and kick out carbon 
atom to create carbon void, and cause serious molecular configuration changes. The 
resulting void-induced graphene molecules are C12, C23, and C53, which have one or two 
carbon pentagon rings within the hexagon network. Molecular configuration depends on 
the void position as marked by a, b, c, d, e, f in left of Figure 1. Void-induced molecule is 
named by suffixing a, b, and so on, such as C23-a, C23-b. It should be noted that initial 
void molecule has 3 radical carbons and holds 6 spins. Spin multiplicity should be 
considered to obtain precise configuration and molecular vibrational infrared spectrum. 
In case of single carbon void, we should compare two spin state of singlet spin-state of 
Sz=0/2 and triplet one of Sz=2/2. 
In the calculation, we used density functional theory (DFT) (Hohenberg& Kohn 1964, 
Kohn & Sham 1965) with the unrestricted B3LYP functional (Becke1993). We utilized 
the Gaussian09 software package (Frisch et al.2009) employing an atomic orbital 6-31G 
basis set (Ditchfield et al. 1971). The first step of the calculation was to obtain the 
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self-consistent energy, optimized atomic configuration and spin density. Unrestricted 
DFT calculation was done to have the spin dependent configuration. The required 
convergence of the root-mean-square density matrix was 10−8. Based on such optimized 
results, harmonic vibrational frequencies and transition strengths were calculated. The 
vibrational intensity was obtained as the molar absorption coefficient ε(km/mol).  
The standard scaling is applied to the frequencies by employing a scale factor of 0.975 
for pure carbon system taken from the laboratory experimental value of 0.965 on 
coronene molecule of C24H12 (Ota 2014). Correction due to anharmonicity was not 
applied to avoid uncertain fitting parameters. To each spectral line, we assigned a 
Gaussian profile with a full width at half maximum (FWHM) of 4cm−1. 
 Calculated optimized configurations are illustrated in right of Figure 1. We can 
notice slight configuration and energy change between molecules with spin-state of 
Sz=0/2 and Sz=2/2. 
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(Figure-1, continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.―Model of void induced graphene molecules. Starting are small size one of C13 
(3 carbon hexagons), medium C24 (7) and large C54 (19). In this study, one assumption 
was applied that single carbon void is created on neutral graphene molecule by attack of 
cosmic rays as like proton H+, electron, etc. There remains single void. Void position is 
marked by suffix a, b, and so on, which also classify molecule as like C23-a, C23-b. 
Resulted molecule include carbon pentagon among hexagon network. It should be noted 
that one void bear six spins. We should calculate multiple-spin-state even for neutral 
molecule. Converged molecular configuration are illustrated for both singlet spin-state 
Sz=0/2 and triplet Sz=2/2. Stable energy spin-state is enclosed by bold green frame 
 
3, Spin State Analysis 
 
We tried multiple spin-state analysis for every molecule. Example is shown in Figure 2 
for C23-a and C23-b. Initial void has three radical carbons and allows six spins as  
discussed in graphene-nanoribbon (Ota 2011). One radical carbon holds two spins, 
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which are forced to be parallel up-up spins (red arrow) or down-down spins (blue) for 
avoiding unlimited large coulomb energy due to Hund’s rule (Hund 1923). Single void 
creates three radical carbons, and holds six spins as illustrated in left of Figure 2. By 
the recombination between carbon atoms, there arises cancelling between (up-up) and 
(down-down) spins as imaged in middle. There remain one (up-up) spin pair to result 
the triplet spin-state of Sz=2/2. Detailed spin density was calculated by DFT in right at 
a cutting surface of 10e/nm3. We can see up-spin major spin cloud as explained above. 
Such spin alignment relaxes atomic configuration as shown in Figure 3. We can see 
detailed configuration of singlet spin state of (C23-a, Sz=0/2). There is a slight bending of 
top positioned carbon. While in case of triplet Sz=2/2, configuration changes to a flat 
plane. Molecular energy was reduced by 0.49eV due to such relaxation. Similar 
phenomena were obtained for a case of C23-b. Other molecules’ configuration and 
energy change are summarized in Figure 1. Energy change from Sz=0/2 to Sz=2/2 was 
noted by ΔE in every column. Stable spin-state is enclosed by bold green frame. In 
most cases of triplet spin state, molecular configuration was relaxed and energy was 
reduced. Exception is only (C53-a) to show stable singlet state. There arises serious 
configuration change, that is, one irregular SP3-bond (marked by red circle) among SP2 
network, which dissolves up-up spin pair.  
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Fig. 2.― Spin state analysis for C23-a and C23-b. One radical carbon holds two spins, 
which should be parallel up-up spins (red arrows) or down-down (blue) to avoid 
unlimited large coulomb energy. Initial void bear three radical carbons and allow six 
spins. By recombination of carbon atoms, there arises cancelling of (up-up) spins by 
(down-down) one. There remain one (up-up) pair, resulting stable triplet spin-state 
(Sz=2/2). DFT calculated spin density by red cloud for up-spin and blue for down-spin 
was illustrated in right. Calculation follows up-spin major spin cloud. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.—Comparison of molecular configuration and energy difference between the 
singlet spin-state (Sz=0/2) and the triplet one (Sz=2/2) for molecules of neutral C23-a, 
and neutral C23-c. Singlet spin-state (Sz=0/2) shows bending configuration at top carbon 
site, whereas triplet state shows just plane simple one. Molecular energy is lower for 
triplet state than singlet one by -0.49eV for C23-a, and -0.64eV for C23-b. Triplet state 
(Sz=2/2) is stable for both molecules.  
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4, Infrared Spectrum and Fundamental Mode Analysis 
 
Calculated infrared spectra are shown in Figure 4. Left columns are cases for singlet 
spin state Sz=0/2, while right one for triplet Sz=2/2. Spectrum with stable energy was 
enclosed by bold green frame. Astronomically observed major emission line of 18.9μm 
was marked by a green dotted line. The calculated spectrum of (C12-a, Sz=2/2) [also 
same configuration for C12-b, C12-c, C12-d] shows a major band at 21.1μm, which is far 
from observed major band of 18.9μm. In case of (C23-a, Sz=2/2), we can see an irregular 
9-membered ring combined with one pentagon ring and four hexagons. Calculated 
major band was obtained at 18.8μm close to observed one. The spectrum of (C23-b, 
Sz=2/2) [same for C23-c] is remarkable showing 18.9 and 19.1μm twin major peaks. In 
case of C53-a, stable spin state was Sz=0/2, of which spectrum show main peak at 
21.7μm and sub peak at 19.5μm. Both are far from observed one. The spectrum of (C53-b, 
Sz=2/2) show 19.0μm peak close to observed one. Also, (C53-c, Sz=2/2) [same for C53-d, 
C53-e] demonstrate major band at 18.9μm, just the same with observed one. In case of 
(C53-f, Sz=2/2), we can see twin bands at 18.4 and 18.9μm. 
Fundamental vibrational mode of (C23-b, Sz=2/2) was analyzed using the Gaussian09 
package. There are 63 modes for 23 carbon atoms. Large intensity bands are 
summarized in Table 1. All modes data are listed in Appendix. Energy level image is 
illustrated on top right of Table 1. Zero-point vibrational energy is 27634cm-1 (=3.42eV). 
The lowest vibrational energy Mode-1 is 94.9cm-1 (=108.06μm, 0.012eV). The highest 
Mode-63 has 2067cm-1 (=4.96μm, 0.26eV). Vibrational behaviors of major modes are 
noted in right column of the table. They are carbon to carbon (C-C) in-plane (molecular 
plane) stretching modes. Position of stretching bonds are different for every mode, and 
noted by bond name of a, a’, b, b’ etc. as marked on a molecule structure. For example, 
there are two modes corresponding to observed 18.9μm band. Mode-24 is 18.8μm with 
strength of 78.8km/mol, which show (C-C) in-plane stretching at bonds of c, f, c’, f’, i, l, 
i’, and l’. Another one, Mode-23 is 19.1μm with 92.6km/mol, stretching at c, f, c’, f’, o, p, 
and o’. Other major modes will be discussed in next chapter by comparing 
astronomically observed bands.  
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Table-1, Major astronomically observed band, Laboratory experimental band, and DFT 
calculated fundamental mode of (C23-b, Sz=2/2). 
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Fig. 4. — Calculated molecular vibrational infrared spectrum (absorption). Left figures 
are cases for singlet spin state (Sz=0/2), while right one for triplet one. Energy stable 
spectrum is framed by bold green. Astronomically observed major emission line at 
18.9μm was marked by a green dotted line. 
 
5, Astronomically Observed Spectra  
 
On top of Figure 5, astronomically observed infrared spectra are illustrated for carbon 
rich planetary nebulae Lin49 (dark blue curve) and Tc1 (red one). We can see the largest 
band at 18.9μm, also a side band at 17.4μm, and shorter wavelength bands at 6.6, 7.0, 
7.5, 8.1, and 8.5μm. Atomic emission lines are marked by arrows of [NeII] and [SIII]. 
It should be noted that the observed spectra are seen in emission. A nearby star may 
illuminate the molecules and excites them to give rise to infrared emission. To calculate 
the emission spectrum, we need information of molecular fundamental vibrational 
energy, intensity, excited photon energy, and thermal equilibrium conditions (Draine & 
Li 2001, Li & Draine 2001). We can estimate molecular information as discussed in a 
previous chapter. Problem is the lack of detailed astronomical information on Tc1 and 
Lin49 PNe. However, we know that, in an ideal case of ultraviolet 5eV class 
photoexcitation, the computed emission spectrum is almost proportional to the 
absorption one with opposite sign (Ota 2014, Galue et al. 2017). In this paper, calculated 
spectra are noted as absorbed one. 
 It is seen in Figure 5 that calculated absorption spectrum of (C23-b, Sz=2/2) show 
resemblance to the observed emission spectra of Tc1 and Lin49 PNe.  As shown in 
Table 1, observed major band at 18.9μm could be analyzed by two modes of Mode-23 
(19.1μm) and Mode-24 (18.8μm), which strength are 92.6 and 78.8km/mol. respectively. 
Also, observed 6.6μm band could be reproduced well by calculated two modes of 
Mode-55 (6.7μm) and Mode-56 (6.6μm). Also observed 7.0, 7.5, 10.0, 16.7, and 17.4μm 
bands could be reproduced well by Mode-53 (7.1μm), Mode-52 (7.4μm), Mode-42 (9.9μm), 
Mode-27 (16.5μm), and Mode-25 (17.4μm) respectively. It is amazing that such 
coincidence between observation and calculation was seen again in case of large 
molecule (C53-c, Sz=2/2) as shown on bottom of Figure 5. Again, we could obtain 
calculated modes of 7.0, 7.6, 8.5, 17.6, 18.9μm showing good coincidence with major 
observed bands of 7.0, 7.5, 8.5, 17.4, 18.9μm, compared by green dotted lines.  
 
(arXiv 2007.xxxxx by Norio Ota et al.)  page 12 of 21 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.— Astronomically observed emission spectrum for Tc1-PNe (on top by red curve) 
and Lin49 (black) compared with calculated molecular vibrational absorption spectrum 
of (C23-b, Sz=2/2), and also with that of (C53-c, Sz=2/2). Green dotted lines show major 
observed bands coincided well with calculated bands. 
We like to know total contribution of all model molecules, not depending on peculiar 
void position. Best way is the weighting sum method. In case of C23-family, capability of 
void-a is 6 positions among 24 carbons of C24 mother molecule. Weighting sum 
coefficient-p should be p=6/24. Also, coefficient of void-b molecule is p’=6/24, and void-c p” 
=12/24. Weighting sum of C23-family should be obtained by, 
ε(C23-family)= pε(C23-a, Sz=2/2)+p’ε(C23-b, Sz=2/2)+ p”ε(C23-c, Sz=2/2)) 
= (6/24)ε(C23-a, Sz=2/2)+(6/24)ε(C23-b, Sz=2/2)+ (12/24)ε(C23-c, Sz=2/2)) 
Weighting sum spectrum of C23-family was illustrated in middle of Figure 6. We can see 
good coincidence between observation and calculation. It is similar in case of large size 
C53 -family. Every weighting coefficient is noted under names of every molecule in 
Figure 6. Again, resulted spectrum of C53-family can well reproduce the observed one.  
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Fig. 6.—Composited calculated spectrum of C23-family and C53-family. Void creation 
capability parameter-p is considered for obtaining a weighting sum of spectra. For 
example, in case of C23-a, p should be 6/24 for 6 void sites among 24 carbon of C24. Every 
weighting coefficient is noted under molecule name.  We can see good coincidence 
between observation and calculation both for C23-family and C53-family as shown by 
green dotted lines. 
 
6, Laboratory Experiment of Laser Induced Carbon Plasmas 
 
We used a laboratory experiment as an analogy of the creation of carbon dust in space, 
which is the laser induced carbon plasma experiment done by Nemes et al. (2017). The 
top panel in Figure 7 illustrates the carbon dust in space. Several theories (Nozawa et al. 
2003, Kozasa et al. 1987, 2009) dealt with the ejection of carbon dust from Supernovae. 
For example, in the case of a 20 times solar-mass star, after 300 days of supernova 
explosion, there occurs carbon dust creation in the outer helium shell during cooling of  
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plasma. After cooling of carbon plasma, the carbon molecules dust may contain diamond, 
graphite and graphene depending on the temperature and pressure. Carbon dust size is 
distributed from sub-nanometer to micrometer. It is interesting that carbon dust will be 
further broken to smaller dust particles by backward shockwaves, that is, by sputtering 
with high-speed particles like protons H+ (Nozawa et al., 2006). This may be another 
scenario to create voids in graphene. Carbon dust grains like graphite are also 
condensed in the mass-losing outflows of asymptotic giant branch (AGB) stars and 
planetary nebulae. Graphene could be generated from the exfoliation of graphite as a 
result of grain–grain collisional fragmentation (Chen et al. 2017). Also, PAHs are seen in 
planetary nebulae and a complete loss of their H atoms could also convert them into 
graphene (García-Hernández et al. 2011a, Ota 2018, Li et al 2019). 
The bottom panel in Figure 7 shows the scheme of the experimental process of 
laser-induced carbon plasma, previously published by Nemes et al (2017). This is an 
analogy for carbon cluster creation in space. Bulk graphite was heated and excited by a 
Nd:YAG laser with wavelength of 1.064μm (1.16eV) in atmospheric pressure Ar-gas. 
Ablated and evaporated carbon molecules emit infrared light due to their molecular 
vibration. The emission was recorded by an HgCdTe detector for spectral analysis. 
The observed infrared emission spectrum from 4 to 12μm is shown in panel (A) of 
Figure 8. An intense peak is seen at 7.4μm. We compared this spectrum to the DFT 
calculated weighting sum spectrum of C23-family and C53-family in panel (B). The 
experimental 7.4μm peak is reproduced by the calculated one. We should however note 
another possibility for the 7.4μm line emission from neutral carbon atoms excited by 
population transfer from nearby excited argon atomic levels. Another feature of the 
observed spectrum is a plateau from 6 to 7μm, which may correspond to calculated 
bands at 6.7 and 7.2μm of C23-family, and 6.3, and 7.0μm of C53-family. Also, we can 
suggest similarity at near 5μm and 10μm. A comparison to astronomical observation 
was shown in panel (C). Astronomical observation is marked by black dotted lines. We 
can find again good reproducibility by calculation. It should be noted that both 
astronomical observation and laboratory experiment could be connected very well by 
void induced graphene. 
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Fig. 7.―Top panel shows an assumed process of carbon dust creation in space. At the 
final stage of a massive star’s life, there occurs star explosion. The outer carbon shell 
ejects carbon molecular plasma to the surrounding space. Carbon plasma subsequently 
cools and will contain stable carbon molecules. As an analogy, we studied a laboratory 
experiment on laser-induced carbon plasma infrared emission (Nemes et al. 2017). The 
Nd:YAG laser irradiates bulk graphite and evaporates carbon plasma resulting cooled 
carbon molecules. The infrared emission from carbon molecules was detected by the 
HgCdTe detector for spectrum analysis. 
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Fig. 8.―Laboratory experiment of the laser induced carbon plasma spectrum was 
shown in (A), which can be roughly reproduced by the weighting sum spectrum by 
C23-family, also by C53-family as illustrated in (B). The experimental bands from 6 to 
7.5μm can be reproduced by the 6.3, 6.7, 7.4, 7.6μm calculated bands. We can also see 
band features at around 5, 8.5 and 10μm. Astronomically observed spectra are 
compared as shown in (C), which is well explained by computed spectra. 
 
7, Conclusion 
 
Graphene molecules contributing to the astronomically observed infrared spectrum 
were investigated through DFT calculations and the laboratory experiment. Typical  
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observations are from the Galactic Tc1 and the SMC Lin49. 
(1) Starting model molecules were charge neutral C13, C24 and C54 with carbon hexagon 
networks. Only one assumption is single void creation in graphene. High energy 
cosmic rays may attack carbon dust and create void induced molecules, such as C12, 
C23, and C53 having carbon pentagons within the hexagon network. Different void 
position graphene molecules are classified for detailed calculation.  
(2) One void holds three six electron spins. These spins cancel each other due to 
recombination of carbon atoms. Stable molecular configuration and molecular 
vibrational infrared spectrum are modulated by such spin state. It was concluded 
that the triplet spin state was stable than singlet. 
(3) It was found that astronomically observed emission spectra of Tc1 and Lin49 
nebulae can be well explained by calculated absorption spectra of model molecules of 
C23 and C53, especially for a major band at 18.9μm and six bands from 6 to 8μm. 
Detailed fundamental vibrational mode analysis was done for C23 with triplet sin 
state. 
(4) By a weighting sum method of calculated spectra for different void position 
molecules of C23, we could well reproduce the observed infrared spectra. It is similar 
for C53 cases. We found prominent spectral features at 6.6, 7.0, 7.5, 8.1, 8.5, 9.0, 17.4 
and 18.9μm closely resembling the observed spectral details. 
(5) A laboratory experiment on laser-induced carbon plasma infrared emission was 
examined as providing an analogy for carbon cluster creation in space. Carbon 
molecules arise by Nd:YAG laser ablation of graphite targets. Observed infrared 
emission spectra could be explained reasonably well by the presence of model 
molecules of C23 and C53.  
The conclusion is that graphene molecules could potentially contribute to the infrared 
emission bands of carbon-rich planetary nebulae.  
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